Anaerobic microorganisms play a major role in the global carbon cycle by remineralizing the large quantities of organic matter which enter anoxic marine and freshwater environments. Methane and CO2 are the end products of anaerobic decomposition, which occurs in a diversity of habitats, such as the rumens of ruminant animals, the lower intestinal tracts of humans, sewage digesters, landfills, rice paddies, and the sediments of freshwater lakes and rivers. Most of the methane released is oxidized to CO2 by the strictly aerobic methanotrophs; however, a significant proportion escapes into the upper atmosphere where methane has a major role in the greenhouse effect.
INTRODUCTION
Anaerobic microorganisms play a major role in the global carbon cycle by remineralizing the large quantities of organic matter which enter anoxic marine and freshwater environments. Methane and CO2 are the end products of anaerobic decomposition, which occurs in a diversity of habitats, such as the rumens of ruminant animals, the lower intestinal tracts of humans, sewage digesters, landfills, rice paddies, and the sediments of freshwater lakes and rivers. Most of the methane released is oxidized to CO2 by the strictly aerobic methanotrophs; however, a significant proportion escapes into the upper atmosphere where methane has a major role in the greenhouse effect.
The methanogenic decomposition of organic matter requires microbial consortia composed of at least three interacting metabolic groups of anaerobes. The fermentative bacteria degrade polymers to H2, CO2, formate, acetate, and higher volatile carboxylic acids. The acetogenic bacteria then oxidize the higher acids to acetate and either H2 or formate. The strictly anaerobic methane-producing microorganisms are the final group in the consortia and utilize H2, formate, and acetate as substrates for growth. Methane producers represent the largest and most diverse group within the Archaea domain (57) . The reader is referred to reviews that describe general aspects of the methanogenic members of the Archaea domain (32, 56) .
About two-thirds of the methane produced in nature originates from the methyl group of acetate, and about one-third originates from the reduction of CO2 with electrons derived from the oxidation of H2 or formate. Two independent pathways exist for the conversion of acetate and reduction of CO2. The pathway of CO2 reduction to methane has been studied extensively over the past 20 years and is the subject of several reviews (9, 34, 51, 55) ; however, a fundamental understanding of methanogenesis from acetate has emerged only recently.
Most acetate-utilizing anaerobes from the Bacteria domain cleave acetyl coenzyme A (acetyl-CoA) and oxidize the methyl and carbonyl groups completely to CO2, reducing a variety of electron acceptors (52) . In contrast, the methanogenic members of the Archaea domain carry out a fermentation of acetate in which the molecule is cleaved and the methyl group is reduced to methane with electrons derived from oxidation of the carbonyl group to CO2 (reaction 1).
CH3COO-+ H+ -* CH4 + CO2
(AG"' = -36 kJ/mol [55] ) CH3COO-+ ATP -CH3CO2PO32-+ ADP (2) CH3CO2PO32-+ CoA -* CH3COSCoA + Pi (3) CH3COO-+ CoA + ATP --CH3COSCoA + AMP + PPi (4) These enzymes are absent in acetate-grown Methanothrix soehngenii, but this organism contains high levels of acetylCoA synthetase (28) , which catalyzes the activation to acetyl-CoA (reaction 4). In each organism, one high-energy phosphate bond is expended for each acetate metabolized and represents a considerable investment considering the small amount of energy available for ATP synthesis (reaction 1).
Although M. thermophila is a strict anaerobe, acetate kinase from M. thermophila is stable in air and the enzyme is purified from the soluble fraction as an a2 homodimer with a subunit Mr of 53,000 (3). The Km for ATP is 2.8 mM, and the Km for acetate is 22 mM, which reflects the relatively high Ks for acetate uptake by Methanosarcina spp. (30) . Activity of the purified enzyme with the nucleotide triphosphates TTP, ITP, UTP, and GTP is greater than 80% of the activity with ATP. The monomeric (Mr = 42,000) phosphotransacetylase, which is stable in air, is purified from the soluble fraction of M. thermophila (44) . The (52) ; most contain CODH which cleaves acetyl-CoA, yielding the methyl and carbonyl groups which are then oxidized to CO2. The homoacetogenic bacteria employ CODH (acetyl-CoA synthase) in the energy-yielding Wood pathway to catalyze the synthesis of acetyl-CoA. CODH is also utilized by the methanogenic members of the Archaea domain for cell carbon synthesis from CO2 (38) . Microorganisms from the Archaea and Bacteria domains are at the extremes of bacterial evolution (57) , and comparative studies of CODHs from these widely divergent organisms are likely to enhance an understanding of the mechanism and molecular evolution of this important enzyme.
In M. thermophila, a COOH enzyme complex cleaves the C-C and C-S bonds of acetyl-CoA, as demonstrated by an exchange of CO with the carbonyl group of acetyl-CoA (46) . The complex also oxidizes CO to CO2 and, therefore, is referred to as a CODH enzyme complex; however, the primary function is cleavage of acetyl-CoA during growth on *CH #COO- acetate. After cleavage of acetyl-CoA, the enzyme-bound carbonyl group is oxidized to CO2 and the methyl group is transferred to the cofactor tetrahydrosarcinapterin (H4SPT) (13, 16) , which is a one-carbon carrier found only in members of the Archaea domain. The pterin moiety of H4SPT is similar to tetrahydrofolic acid in structure and chemistry (9) .
The five-subunit M. thermophila CODH complex can be resolved into two enzyme components: a 200,000-Da COoxidizing Ni/Fe-S component which contains 89,000-and 19,000-Da subunits, and a 100,000-Da Co/Fe-S component which contains 60,000-and 58,000-Da subunits (2) . The fifth subunit (71,000 Da) of the complex has not been characterized. The CO-reduced enzyme complex has a spin-coupled Ni-Fe-C center with an electron paramagnetic resonance (EPR) spectrum indistinguishable from the Ni-Fe-C center of the CO-reduced CODH (acetyl-CoA synthase) from the homoacetogenic organism Clostridium thermoaceticum (48) . The reduced Ni-Fe center in the C. thermoaceticum enzyme is the proposed site for synthesis of the acetyl moiety of acetyl-CoA from CoA, CO, and a methyl group donated by a methylated corrinoid/Fe-S protein (42, 43) . Therefore, it is proposed that the Ni-Fe center in the M. thermophila enzyme is the site for cleavage of the acetyl moiety of acetyl-CoA (2). The Co/Fe-S component from the M. thermophila CODH enzyme complex contains factor III (Coa-[a-(5-hydroxybenzimidazolyl))-cobamide), the cobalt atom of which is reduced to the CO + state with electrons donated directly by the Ni/Fe-S component (2) . In this redox state, Co1" is a supernucleophile which can then accept a methyl group (2) .
The composition and properties of components from the CODH complex of M. thermophila are consistent with a proposed acetyl-CoA cleavage mechanism ( Fig. 2) which is analogous to a reversal of the mechanism proposed for acetyl-CoA synthesis in C. thermoaceticum (42, 43) . In the proposed mechanism (Fig. 2) , the Ni/Fe-S component cleaves the C-C and C-S bonds of acetyl-CoA at the Ni-Fe site (2) . After cleavage, the methyl group is transferred to the Co"+ atom of the Co/Fe-S component. The M. thermophila enzyme complex catalyzes an exchange of CoA with acetylCoA at rates fivefold greater than that of C. thermoaceticum acetyl-CoA synthase (46) . The difference in rates may reflect the acetyl-CoA cleavage function for the M. thermophila enzyme, as opposed to the C. thermoaceticum enzyme which functions in the biosynthesis of acetyl-CoA. In addition to the C-C and C-S bond cleavage activity, it is proposed that the Ni-Fe center binds the carbonyl group and oxidizes it to CO2. This proposed function is supported by the ability of the Ni/Fe-S component to oxidize CO and reduce a ferredoxin purified from M. thermophila (2) . The CODH complex from M. thernophila also catalyzes the synthesis of acetyl-CoA from CoA, CO, and CH3I in vitro (1); however, it is unlikely that this is a physiologically significant reaction in vivo.
The component enzymes from the M. thernophila complex have been characterized in greater detail by EPR spectroscopy (24) . The CO-oxidizing Ni/Fe-S component contains three species of Fe-S clusters with EPR properties similar to those reported for C. thermoaceticum acetyl-CoA synthase (40, 41) . Two of the Fe-S centers in the M. thermophila Ni/Fe-S component have EPR spectra typical of bacterial 4Fe-4S centers; however, the third Fe-S center has an EPR spectrum which is atypical of 4Fe-4S centers. The CO-reduced Ni/Fe-S component also exhibits the spin-cou-N:
VOL. 174, 1992 on August 28, 2017 by guest http://jb.asm.org/ Downloaded from pled Ni-Fe-C EPR spectrum, a finding consistent with the proposed mechanism for acetyl-CoA cleavage (Fig. 2) ; however, it is not known which, if any, of the Fe atoms from the Fe-S centers participate in formation of the Ni-Fe center. EPR spectroscopy of the isolated Co/Fe-S component indicates a low-spin Co2+ (24) . There is no superhyperfine splitting from the nitrogen nucleus (I = 1/2) of the 5-hydroxybenzimadazole base in factor III, a result which indicates the absence of a lower axial ligand to the cobalt atom (base-off configuration). Redox titration of the Co2+"1+ couple reveals a midpoint potential of approximately -500 mV similar to that reported for the C thermoaceticum corrinoid/Fe-S protein in which the corrinoid is also in the base-off configuration (19) . The base-off configuration of corrinoids changes the midpoint potential of the Co2+/l+ couple from approximately -600 mV (base-on configuration) to a less negative value, which allows reduction to the methyl-accepting Co'+ redox state by physiological electron donors which have midpoint potentials around -500 mV (2, 19 The final step in the utilization of all methanogenic substrates is the reductive demethylation of CH3-S-CoM to CH4 catalyzed by CH3-S-CoM methylreductase. The two electrons required for the reduction derive from the sulfur atoms of CH3-S-CoM and HS-HTP (7-mercaptoheptanoylthreonine phosphate) (9) , yielding the heterodisulfide CoM-S-S-HTP. In the pathway for methanogenesis from acetate, the mixed disulfide is reduced to the corresponding sulfhydryl forms of the cofactors with electrons originating from oxidation of the carbonyl group of acetyl-CoA (21, 47) . The thermodynamics of both heterodisulfide formation and reduction (reactions 5 and 6) suggests a potential for electron transport coupled to ATP synthesis.
CH3-S-CoM + HS-HTP -* CH4 + CoM-S-S-HTP
(AG"' = -45 kJ/mol [51] )
CoM-S-S-HTP + H2 --HS-CoM + HS-HTP (AG"' = -40 kJ/mol [51] ) (5) (6) All methylreductases studied thus far contain factor F430 which is a yellow, Ni-containing, structural hybrid of the corrin and porphyrin ring systems (9) . The mechanism involving F430 is unknown but it is postulated that a Ni(I)-S-HTP species reacts with CH3-S-CoM to form Ni(II)-CH3, which returns to the nonligated Ni(I) species, yielding CoM-S-S-HTP and CH4 (4, 25, 37, 39) . The methylreductase purified from M. thermophila has a subunit composition of all,11yl with Mrs of 69,000, 42,000, and 33,000 (23) . The native enzyme (Mr = 141,000) contains 1 mol of F430 and utilizes HS-HTP as the electron donor. The as-isolated enzyme requires a reductive reactivation which can be accomplished in vitro with ferredoxin purified from M. thermophila (49); ATP is not required but stimulates the reactivation. Ti(III) citrate can substitute for ferredoxin in a nonenzymatic reaction. It is proposed that the methylreductase is isolated in two forms: a ready form that can be reactivated with reduced ferredoxin and an unready form unable to be reductively reactivated unless converted to the ready form by an unknown mechanism that requires ATP (Fig. 1) ; however, the physiological significance of this activation is unknown. The Methanosarcina mazei methylreductase contains F430 and has a native molecular mass of 283,400 Da with subunits of 68,000, 43,215, and 30,500 Da in a a2P2Y2 configuration (53) . The CH3-S-CoM methylreductase from M. soehngenii has the same subunit composition and utilizes HS-HTP as the electron donor (31); a requirement for reductive activation of this enzyme was not investigated. Immunogold labelling of several acetate-grown Methanosarcina species and M. soehngenii indicates that the methylreductase of these acetotrophic organisms is primarily located in the cytoplasm (53); however, the cells were grown with abundant nickel in the growth medium, conditions which may have influenced the amount of cytoplasmic methylreductase relative to membrane-associated enzyme (5).
ELECTRON TRANSPORT AND BIOENERGETICS
A relatively small amount of energy is available from the conversion of acetate to CH4 and CO2 (reaction 1), and one high-energy phosphate bond is already expended in the activation of acetate. Thus, these organisms must have evolved a very efficient mechanism for energy conservation. There are no obvious reactions leading to a substrate-level phosphorylation; however, several lines of evidence support a chemiosmotic mechanism for ATP synthesis. Acetatedegrading whole cells of M. barken generate a proton motive force of -120 mV (45) . It is likely that the transport of electrons from the carbonyl group of acetyl-CoA to CoM-S-S-HTP is dependent on membrane-bound carriers involved in generation of the proton motive force; indeed, the membranes of M. thermophila and M. barken contain cytochrome b, multiple Fe-S centers, and possibly rubredoxin (35, 50) . In addition, over 50% of the heterodisulfide reductase activity in M. barken is associated with the membrane fraction (47) . CO-dependent methylreductase activity is stimulated by the addition of membranes to the soluble fraction, a result which further supports the involvement of a membrane-bound electron transport chain (50) . Although coenzyme F420 (a 5-deazaflavin) (9) is an important electron carrier in the C02-reducing pathway, it is present only in low levels in acetate-grown cells of M. barken and is not required for conversion of acetyl-CoA to methane in cell extracts of this organism (13) . However, F420 may be involved in oxidation of the methyl group of acetate to CO2 to provide electrons for reductive biosynthesis (see below).
Recent results strongly implicate an involvement of ferredoxin in electron transport. Ferredoxin is required for methanogenesis from acetate in extracts of M. barkeri (14) and is a direct electron acceptor for the Ni/Fe-S component of M. thennophila (2) ; however, the carriers mediating electron flow from ferredoxin to heterodisulfide reductase are unknown. The gene encoding the ferredoxin from M. thermophila has a deduced amino acid sequence which contains eight cysteines in a spacing characteristic of ferredoxins from the Bacteria domain (8) . The gene is transcribed in cells grown on either acetate, trimethylamine, or methanol, a result which suggests a requirement for the ferredoxin in the metabolism of each substrate. A ferredoxin-dependent evolution of CO2 and H2 from acetyl-CoA has been demonstrated in extracts of M. barkeri (14) and a CO-oxidizing:H2-evolving system (reaction 7) in M. thermophila has been reconstituted with the CODH complex, ferredoxin, and purified membranes which contain an hydrogenase linked to cytochrome b (50).
CO + H20 -* C02 + H2 (AG"' = -20 kJ/mol [6] ) (7) In addition, H2 is a source of electrons for the reductive demethylation of CH3-S-CoM in the soluble fraction of M. thennophila (23) . Thus, it is reasonable to postulate that oxidation of the carbonyl group of acetate could be coupled to H2 evolution by membrane-bound electron carriers and that H2 is subsequently oxidized to provide electrons for the reduction of CoM-S-S-HTP. This hypothesis implies a potential for ATP synthesis coupled to H2 evolution by a chemiosmotic mechanism; indeed, proton translocation is coupled to the oxidation of CO to CO2 and H2 in cell suspensions of acetate-grown M. barkeni (6) . However, a membrane-bound electron transport chain without the participation of H2 as an intermediate is equally possible.
Methane formation from acetate is dependent on sodium and is accompanied by the generation of a secondary sodium ion gradient (45) ; however, the sodium requirement is not understood. Two reactions that may be driven by a sodium ion potential are the uptake of acetate and the endergonic cleavage of acetyl-CoA (reaction 8). 
CH3CO-S-
OTHER ENZYME ACTIVITIES The methyl group of acetate is primarily converted to methane; however, a small proportion of methyl groups is oxidized to CO2 to provide electrons for reductive biosynthesis. Acetate-grown Methanosarcina species contain low levels of enzymes which are utilized in the C02-reduction pathway for methanogenesis; thus, it is proposed that the methyl group of acetate is oxidized by a reversal of the pathway for CO2 reduction to methane (22) . Acetate-grown M. barkeri contains formyl-methanofuran dehydrogenase and 5,10-methylene-H4MPT (tetrahydromethanopterin) dehydrogenase (47) and acetate-grown M. thermophila contains formyl-methanofuran:H4MPT formyltransferase, 5,10-methenyl-H4MPT+ cyclohydrolase, and F420-dependent 5,10-methylene-H4MPT dehydrogenase (22) . The low levels of these enzymes suggest they are not involved in conversion of the methyl group of acetate to methane, but in oxidation of the methyl group of acetate to CO2.
Growth of M. barkeri and M. thermophila on acetate induces carbonic anhydrase activity, but the function of this enzyme in the conversion of acetate to methane is unknown (22, 33) . It is proposed that the formation of carbonic acid may be required in an antiport mechanism for transport of the acetate anion into the cell (33) . (AGO' = -103 kJ/mol CH4 [55] ) (9) Thus, cells grown with a mixture of these substrates utilize methanol first. Two-dimensional gel electrophoresis of cell extract proteins from M. thermophila reveal more than 100 mutually exclusive peptides in acetate-and methanol-grown cells (22) . This regulation of enzyme synthesis in response to the growth substrate presents an opportunity for future investigations into the molecular basis for transcriptional regulation in members of the Archaea domain.
REGULATION OF ENZYME SYNTHESIS

SUMMARY
The general features are known for the pathway by which most methane is produced in nature. All acetate-utilizing methanogenic microorganisms contain CODH which catalyzes the cleavage of acetyl-CoA; however, the pathway differs from all other acetate-utilizing anaerobes in that the methyl group is reduced to methane with electrons derived from oxidation of the carbonyl group of acetyl-CoA to CO2. The current understanding of the methanogenic fermentation of acetate provides impressions of nature's novel solutions to problems of methyl transfer, electron transport, and energy conservation. The pathway is now at a level of understanding that will permit productive investigations of these and other interesting questions in the near future.
